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(57)  The present invention provides a silicon wafer
sliced from a silicon single crystal ingot grown by the
Czochralski method under such conditions that V-rich
region should become dominant, wherein count number
of particles having a size of 0.1 um or more is 1 count/
cm? or less when particles are counted by using a par-

SILICON WAFER AND METHOD FOR PRODUCING SILICON SINGLE CRYSTAL

ticle counter and a method for producing a silicon single
crystal. Thus, there is provided a production technique
that can improve productivity and reduce cost for high
quality silicon wafers of excellent device characteristics
by further reducing density and size of defects such as
COP.
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Description
Technical Field

[0001] The present invention relates to a high quality
silicon wafer used as a substrate of semiconductor de-
vices such as memories, a single crystal for producing
the same and a method for producing a single crystal.

Background Art

[0002] An example of silicon single crystal pulling ap-
paratus based on the Czochralski method (CZ method)
is shown in Fig. 6. This silicon single crystal pulling ap-
paratus comprises a quartz crucible 5 filled with silicon
melt 4, a graphite crucible 6 that protects the quartz cru-
cible 5, a heater 7 that is disposed so as to surround the
crucibles 5 and 6, and a heat insulating material 8, which
are disposed in a main chamber 1, and a pulling cham-
ber 2 for accommodating and taking out a grown single
crystal 3 is continuously provided on the main chamber
1. To grow the single crystal 3 by using such a production
apparatus, a seed crystal is immersed into the silicon
melt 4 in the quartz crucible 5, and then, after necking,
carefully pulled with rotation to grow the rod-like single
crystal 3. The crucibles 5 and 6 can be moved upwardly
or downwardly along the crystal growth axis, and the
crucibles are elevated so as to compensate the depres-
sion of liquid surface of the melt decreased due to crys-
tallization during the crystal growth, thereby maintaining
the height of the melt surface to be constant. Further,
into the main chamber 1, an inert gas such as argon gas
is introduced from a gas inlet 10 provided at an upper
part of the pulling chamber 2, passed through a space
between the single crystal 3 under pulling and a gas flow
guide cylinder 11 and a space between a lower portion
of a heat shielding member 12 and the melt surface, and
then discharged from a gas outlet 9.

[0003] A large amount of silicon single crystals pro-
duced by the aforementioned CZ method are used for
semiconductor devices. On the other hand, with use of
higher integration degree of semiconductor devices, the
devices increasingly become finer, and a size of 0.13 to
0.18 um is used as a design rule in the latest devices.
The use of such finer devices as described above
makes the demand for quality of silicon single crystals
severer, and the size of crystal defects causing prob-
lems also become smaller. If the defect size is smaller
than the design rule, a defect will not exist over a plurality
of devices, and therefore a device isolation can be sure-
ly performed. Moreover, since smaller defects are more
likely to be eliminated during the device production proc-
ess, and therefore less adversely affect on the devices.
The size of crystal defect observed as COP (Crystal
Originated Particle, defect originated in crystal and ob-
served as a particle after SC1 cleaning) causing prob-
lems is currently considered 0.12 um or more. There-
fore, it has become important to reduce defects having
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a size of 0.1 um or more as much as possible.

[0004] For the reference of the explanation of those
defects, there will be given first general knowledge of
factors determining densities of defects introduced into
silicon single crystals, a void type point defect called va-
cancy (occasionally abbreviated as V hereinafter), and
an interstitial type silicon point defect called interstitial
silicon (occasionally abbreviated as | hereinafter).
[0005] In a silicon single crystal, a V-region means a
region of which F/G is larger than that of a region suf-
fering from the generation of OSFs and which contains
many vacancies, i.e., depressions, pits and so forth gen-
erated due to lack of silicon atoms, and an I-region
means a region containing many dislocations and ag-
gregations of excessive silicon atoms generated due to
the presence of excessive amount of silicon atoms. Be-
tween the V-region and the I-region, there should be a
neutral region (occasionally abbreviated as N-region
hereinafter) with no (or little) shortage or no (or little) sur-
plus of the atoms. It has become clear that grown-in de-
fects (FPD, LSTD, COP etc.) should be generated strict-
ly only with supersaturated V or I, and they would not
be present as defects even though there is little uneven-
ness of atoms so long as V or | is not saturated.
[0006] Itis known that the densities of these two kinds
of point defects are determined by the relationship be-
tween the crystal pulling rate (growing rate) and the tem-
perature gradient G in the vicinity of the solid-liquid in-
terface in the crystal in the CZ method. Further, it has
been confirmed that defects distributed in a ring shape
called OSF (Oxidation Induced Stacking Fault) are
present in the N-region between the V-region and the I-
region.

[0007] Those defects generated during the crystal
growth are categorized as follows. For example, when
the growth rate is relatively high, i.e., around 0.6 mm/
min or higher, grown-in defects considered to be origi-
nated from voids, i.e., aggregations of void-type point
defects, such as FPD, LSTD and COP are distributed
over the entire plane of the crystal along the radial di-
rection at a high density and degrade the oxide film char-
acteristics. A region containing such defects is called V-
rich region. When the growth rate is 0.6 mm/min or low-
er, Interstitial becomes dominant and the aforemen-
tioned OSF ring is initially generated at the circumferen-
tial part of the crystal with the decrease of the growth
rate, and L/D (large dislocations, also called interstitial
dislocation loop, which includes LSEPD, LFPD and so
forth), which are considered to be originated from dislo-
cation loops, are present outside the ring at a low density
and cause serious failure such as leakage. A region con-
taining such defects is called I-rich region. When the
growth rate is further lowered to around 0.4 mm/min, the
OSF ring shrinks toward the center of wafer and disap-
pears, and thus the entire plane becomes the I-rich re-
gion.

[0008] As a method for producing a single crystal that
can provide good defect characteristics, there is, for ex-
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ample, a technique disclosed in Japanese Patent Laid-
open (Kokai) Publication No. 8-330316, in which incor-
poration of point defects is controlled. While a crystal is
generally grown with growth conditions that make the V-
rich region dominant, it is grown in the N-region that is
an intermediate region in which the either kind of the
point defects is not dominant in the disclosed technique
mentioned above. Itis said that a crystal free from COPs
and so forth can be produced according to this method.
[0009] However, the crystal growth rate becomes 0.5
mm/min or less, which is markedly lower than a rate of
about 1 mm/min used for usual crystals. Thus, the pro-
ductivity is degraded and the cost will become higher.
Further, the N-region suffers from a drawback that it is
likely to cause non-uniform oxygen precipitation.
[0010] Meanwhile, Japanese Patent Laid-open Pub-
lication No. 11-116391 discloses a method that does not
elicit the incorporated void-type point defects by pre-
venting them from growing to a large size. In this tech-
nique, it is attempted to decrease COP defects by short-
ening the period of passing a temperature region of
1150°C to 1080°C, in which the point defects consid-
ered to agglomerate and grow into COPs. However, it
is not considered that the defects are sufficiently re-
duced by this disclosed technique, since there remain
about 10 count/cm? or less of particles having a size of
0.10 um or more.

Disclosure of the Invention

[0011] In view of the aforementioned problems of the
conventional techniques, an object of the present inven-
tion is to provide a production technique that can im-
prove productivity and reduce cost for high quality sili-
con wafers of excellent device characteristics that suf-
ficiently meet recent devices having a line width of 0.13
to 0.18 um by further reducing density and size of de-
fects such as COP.

[0012] In order to achieve the aforementioned object,
the silicon wafer according to the present invention is a
mirror surface silicon wafer sliced from a silicon single
crystal ingot grown by the Czochralski method under
such conditions that V-rich region should become dom-
inant, wherein a count number of particles having a size
of 0.1 um or more is 1 count/cm? or less when particles
are counted by using a particle counter.

[0013] The mirror surface silicon wafer sliced from a
silicon single crystal ingot grown by the Czochralski
method under such conditions that V-rich region should
become dominant and having a count number of 1
count/cm? or less for particles having a size of 0.1 um
or more according to the present invention as described
above has very small defects and a low defect density.
Therefore, besides itis a high quality silicon wafer show-
ing excellent device characteristics that can satisfacto-
rily meet to recent devices, it can be obtained with a low
cost, since it is grown at a high rate in V-rich region.
[0014] In this case, the count number of particles hav-
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ing a size of 0.1 um or more is preferably 0.1 count/cm?2
or less.

[0015] According to the present invention, there can
be provided a wafer having an extremely low defect den-
sity, i.e., a count number of 0.1 count/cm?2 or less for
particles having a size of 0.1 um or more, .as described
above.

[0016] The method for producing a silicon single crys-
talaccording to the presentinvention is a method where-
in, when a silicon single crystal is grown by the Czo-
chralski method, the crystal is grown with a time L/F
(min) of 0.28/(F/G - 0.225)2 min or less for passing a
temperature region of from 1150°C to 1080°C and F/G
of 0.22 mm2/Kemin or more, which are calculated from
a temperature gradient G (K/mm) at a crystal center
along a crystal pulling axis direction from the melting
point of silicon to 1400°C, a length L (mm) of the tem-
perature region of from 1150°C to 1080°C and a crystal
growth rate F (mm/min).

[0017] If a crystal is grown with a defined F/G value
and passage time for the temperature region of 1150°C
to 1080°C as described above, the total amount of in-
troduced vacancies that form COP defects can be made
few, and COP defect size can be limited to a small size
by shortening the passage time. Thus, the good yields
for device characteristics and oxide dielectric break-
down voltage characteristics are also improved and a
silicon single crystal and wafer having an extremely low
defect density for the whole plane can be stably pro-
duced while maintaining a high productivity.

[0018] In this case, a crystal is desirably grown with a
time L/F of 40 min or less for passing the temperature
region of from 1150°C to 1080°C and F/G of 0.27 mm?2/
Kemin or less.

[0019] With such conditions, more stable extremely
low defect density can be achieved.

[0020] Further, in the production of a silicon single
crystal according to the present invention, it can be
doped with nitrogen.

[0021] By doping with nitrogen as described above,
the COP size can be further reduced compared with a
case without doping.

[0022] In this case, nitrogen concentration to be
doped is preferably 1 x 1015 number/cms3 or less.
[0023] This is because, in such a nitrogen concentra-
tion range, OSFs are not generated and COP defect
size can further be effectively reduced by the intentional
nitrogen doping.

[0024] According to the present invention, there are
further provided a silicon single crystal grown by the
aforementioned production method in which density and
size of defects such as COPs are further reduced, and
a high quality silicon wafer sliced from the aforemen-
tioned silicon single crystal.

[0025] As explained above in detail, according to the
crystal growth conditions of the present invention, both
of density and size of defects such as COPs in a silicon
crystal can be decreased, and there can be provided a
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high quality silicon wafer having extremely few defects,
which does not adversely affect device characteristics,
oxide dielectric breakdown voltage characteristics and
so forth. Furthermore, a crystal that does not generate
defects of a size that poses a problem on the device
production can be produced at a crystal growth rate
comparable to or faster than that conventionally used,
and thus improvement of productivity and cost reduction
can be attained.

Brief Explanation of the Drawings
[0026]

Fig. 1 is a graph showing relationship between
number of particles having a size of 0.10 um or more
and number of particles having a size of 0.12 um or
more.

Fig. 2 is a graph used for determining the conditions
that a particle density of particles having a size of
0.10 um or more is 1 count/cm? or less, in which the
time L/F for passing the temperature range of from
1150°C to 1080°C is plotted against F/G of various
pulling conditions.

Fig. 3 is a graph showing relationship between the
time L/F for passing the temperature range of from
1150°C to 1080°C and a ratio of densities of parti-
cles having a size of 0.10 um or more and particles
having a size of 0.12 um or more.

Fig. 4 is a graph showing relationship between F/G
and density of particles having a size of 0.10 um or
more on the condition that the time L/F for passing
the temperature range of from 1150°C to 1080°C is
40 mm or less.

Fig. 5 is an explanatory view showing a CZ method
single crystal pulling apparatus used for the present
invention, which is provided with a cooling cylinder.
Fig. 6 is an explanatory view showing a convention-
al CZ method single crystal pulling apparatus.

Fig. 7 is a graph showing particle size distributions
of silicon wafers produced from the crystals ob-
tained in Examples 1 and 2 and Comparative Ex-
amples 1 and 2.

Best Mode for Carrying out the Invention

[0027] The present invention will be explained in de-
tail hereafter, but the present invention is not limited by
the followings.

[0028] According to the design rule used for the latest
devices at present, the COP size causing problems is
considered to be about 0.12 um or more. Therefore, it
is important to reduce particles having a size of 0.12 um
or more.

[0029] Therefore, numbers of particles having a size
of 0.10 um or more and numbers of particles having a
size of 0.12 um or more were measured by using a par-
ticle counter SP1 for silicon wafers obtained by slicing
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single crystals produced under various production con-
ditions that made the V-rich region dominant and sub-
jected to SC1 cleaning, and correlation between them
was examined. As a result, it was found that, if the
number of particles having a size of 0.10 um or more is
1 count/cm? or less, particles having a size of 0.12 um
or more were scarcely observed as shown in Fig. 1.
[0030] SC1 is an alkaline cleaning mixture of
H,0-H,0,-NH,OH (5:1:1) series, and it has a strong ac-
tion for removing organic contaminants and metal impu-
rities. SP1 refers to a particle counter produced by
KLA-Tencor Corporation,. Surfscan SP1.

[0031] Thus, it was found that a mirror surface silicon
wafer sliced from a crystal produced with pulling condi-
tions that made the V-rich region dominant and finished
by the SC1 cleaning would be a silicon wafer of high
quality excellent in device characteristics and oxide di-
electric breakdown voltage characteristics, if it is a sili-
con wafer having particles of extremely small size at a
low particle density, i.e., a count number of 1 count/cm?2
or less for particles having a size of 0.10 um or more
counted by using a particle counter of SP1, LS-6030
(trade name of Hitachi Electronics Engineering Co.,
Ltd.) or the like.

[0032] Further, considering that further finer devices
will be used in future, preferred will be silicon wafers and
crystals therefor showing a count number of 0.1 count/
cm? or less for particles having a size of 0.10 um or
more. Such wafers can be obtained by slicing a crystal
grown under pulling conditions that make the V-rich re-
gion dominant accordin.g to the present invention.
[0033] The count number of particles is defined herein
to be 0.1 count/cm? or less, because real particles are
also present on a silicon wafer in addition to COPs. Their
number is several to several tens for an 8-inch wafer
(area: about 314 cm?2), while it depends on storage con-
ditions. It is generally difficult to distinguish these real
particles from COPs. Therefore, if the count is defined
to be 0.1 count/cm? or less considering the number of
real particles, the device characteristics and so forth can
surely be improved.

[0034] In order to grow such a high quality silicon sin-
gle crystal as described above, it is important to grow it
under the crystal growth conditions described below.
[0035] The equilibrium concentration of intrinsic point
defects in a crystal is a function of temperature, and the
equilibrium concentration becomes higher as the tem-
perature becomes higher. During the crystal growth, the
temperature of crystal gradually decreases from the
melting point. In this case, the equilibrium concentration
of point defects sharply decreases, and therefore exces-
sive point defects remain and agglomerate to form de-
fects observed as COPs.

[0036] Therefore, in order to decrease COP defects
having a large size, it can be conceived that (1) the con-
centration of excessive void-type point defects that
serve as origin of COP defects should be decreased,
(2) excessive void-type point defects should be prevent-
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ed from growing large by extremely shortening the time
to grow into COP defects that are secondary defects as
much as possible and so forth.

[0037] In order to decrease the excessive void-type
point defect as mentioned in (1), the temperature gradi-
ent G at the crystal growth interface and the crystal
growth rate F must be taken into consideration. In con-
nection with the temperature decrease from the melting
point mentioned above, the excessive point defects are
generated. The concentration of these excessive point
defects becomes larger as the temperature becomes
lower contrary to the equilibrium concentration. And the
concentration difference of these excessive point de-
fects serves as a driving force to discharge the exces-
sive point defects into the melt side. As the temperature
gradient becomes larger, this driving force becomes
stronger. However, the temperature at which the point
defects are discharged into the melt side is limited to a
high temperature. Therefore, if the crystal growth rate
becomes higher, the time that contributes to diffusion
becomes shorter. Therefore, use of a higher crystal
growth rate increases the amount of excessive point de-
fects. Based on the aforementioned principles, it is con-
sidered that excessive point defect concentration in-
creases in connection with increase of the growth rate,
and decreases with increase of the temperature gradi-
ent. Therefore, the amount of excessive point defects
roughly shows a value proportional to the F/G value,
which is obtained from the growth rate F and the tem-
perature gradient G near the melting point. Further, it is
also known that the V-rich region is a region of which F/
G value is larger than that of a region in which OSFs are
generated.

[0038] On the other hand, in order to prevent the in-
troduced void-type point defects from growing into a
large size as mentioned in (2), it is considered to be ef-
fective to shorten the passage time L/F, which is ob-
tained by dividing the length L of the temperature region
of 1150°C to 1080°C, in which the point defects consid-
ered to agglomerate and grow into COPs, with the
growth rate F, as disclosed in Japanese Patent Laid-
open Publication No. 11-116391.

[0039] Crystals were grown with varying F/G and L/F
by using various HZs (Hot Zone, it is also referred to as
internal structure of furnace), and particles were meas-
ured for wafers sliced from the crystals. The results are
shown in Fig. 2.

[0040] From this figure, it can be seen that, in order
to produce a silicon wafer with a particle count of 1
count/cm?Z or less counted by a particle counter for par-
ticles having a size of 0.1 um or more, as for the condi-
tions for growing the silicon single crystal, the time L/F
(min) for passing a temperature region of from 1150°C
to 1080°C must be 0.28/(F/G - 0.225)2 or less, which is
calculated from a temperature gradient G (K/mm) at a
crystal center from the melting point to 1400°C, a length
L (mm) of the temperature region of from 1150°C to
1080°C and a crystal growth rate F (mm/min).
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[0041] However, when the F/G value is 0.22 mm?/
Kemin or less, the OSFs may be generated or the crystal
is grown under the condition to have a region in which
void-type point defects are not dominant, and therefore
there is a risk that other problems may be caused, for
example, failure due to OSFs, non-uniform oxygen pre-
cipitation and so forth. Therefore, the crystal growth
method in which a crystal is grown under conditions that
L/F is 0.28/(F/G - 0.225)2 or less and F/G is 0.22 mm?2/
Kemin or more is important. However, a region of about
20 mm from the outermost periphery is excluded, since
it becomes a region in which point defects are out-dif-
fused and hence there are not generated secondary de-
fects. That is, the condition for making the V-rich region
dominant according to the present invention means
such a condition that the V-rich region should become
dominant in a region from the crystal center to the circle
20 mm distant from the outermost periphery.

[0042] Further, in order to obtain a small COP defect
size and good quality, it is desirable that the time L/F for
passing the temperature region of from 1150°C to
1080°C is 40 min or less and F/G is 0.22 mm2/Ksmin or
more but 0.27 mm2/Ksmin or less.

[0043] Itis described above that, in order to make the
defect size small, it is necessary to shorten the time L/
F for passing the temperature region of from 1150°C to
1080°C. There are plotted this time in the horizontal axis
and a ratio of number of particles having a size of 0.10
um or more to number of particles having a size of 0.12
um or more in the perpendicular axis in Fig. 3.

[0044] The plot indicates that, as the number ratio in
the perpendicular axis becomes lager, small defects be-
comes more dominant, namely, the defect size becomes
more likely to be smaller. From the graph of Fig. 3, it can
be seen that the ratio of the numbers sharply becomes
large in the region where L/F is 40 minutes or less.
Therefore, in order to make the defect size small, L/F is
preferably 40 minutes or less.

[0045] As for the growing conditions that satisfies the
requirement that L/F is 40 minutes or less, a plot of F/G
in the horizontal axis and the number of particles having
a size of 0.10 um or more in the perpendicular axis is
shown in Fig. 4. From the graph of Fig. 4, it can be seen
that, if F/G is smaller than 0.27, there are almost no
COPs having a size of 0.10 um or more. Therefore, un-
der the growth conditions that L/F is 40 minutes or less
and F/G is 0.22 mm2/Ksmin or more but 0.27 mm2/Kemin
or less, particularly good quality, i.e., a count number of
0.1 count/cm? or less for particles having a size of 0.10
um or more can be obtained.

[0046] As the values of G and L used herein, there
are used the values calculated by using the quasi-
steady mode of global heat transfer analysis software
FEMAG (F. Dupret, P. Nicodeme, Y. Ryckmans, P. Wout-
ers, and M.J. Crochet, Int. J. Heat Mass Transfer, 33,
1849 (1990)). These values are changed if the param-
eters for the calculation such as heat conductivity of sil-
icon are changed, and the calculation performed by the
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inventors of the present invention utilized parameters
that met to the temperature distribution in a crystal dur-
ing actual growing. Therefore, it is considered that dif-
ferent values may be obtained by calculation performed
by others. However, the main point of the present inven-
tion resides in that L/F should be made small as much
as possible and F/G should be made small as much as
possible within a region where the V-rich region be-
comes dominant.

[0047] Furthermore, when a silicon single crystal is
grown under the growing conditions described above,
the crystal can be doped with nitrogen. If the crystal is
intentionally doped with a micro amount of nitrogen,
specifically, at a nitrogen concentration in the crystal of
1 x 1015 number/cm3 or less or such an amount that
OSFs should not be observed on a surface of a silicon
wafer after the wafer is subjected to an oxidation treat-
ment at 1150°C for 100 minutes in a wet O, atmosphere
and then preferential etching for 8 um with a mixed acid
solution (hydrofluoric acid:nitric acid:acetic acid:water =
1:15:3:5) having selectivity, the size of defects can be
more reduced.

[0048] The inventors of the present invention found
that, even when an extremely small amount of nitrogen
such as about 1 x 1010 number/cm3 of nitrogen is added
to a silicon single crystal, the COP size became smaller
compared with a case where it was not added. It was
also confirmed that this size reduction effect was en-
hanced with increase of the nitrogen concentration.
However, if nitrogen is added, it becomes likely that OS-
Fs are generated. Although it depended on the crystal
growing conditions, OSFs were generated at an oxygen
concentration of more than about 16 ppma (standard of
Japan Electronic Industry Development Association,
JEIDA) and a nitrogen concentration of about 1 x 1013
number/cm3, at a low oxygen concentration of more
than about 10 ppma (JEIDA) and a nitrogen concentra-
tion of about 5 x 1013 number/cm3, and even at an ex-
tremely low oxygen concentration of about 5 ppma (JE-
IDA) or less and a nitrogen concentration of about 3 x
1014 number/cm3. Therefore, if nitrogen is intentionally
doped at a concentration in such a range that OSFs
should not be generated, the COP defect size can be
effectively reduced. A wafer of high quality as described
above can be obtained according to a silicon single crys-
tal that is produced with such crystal growth conditions
as described above and a wafer produced by slicing the

crystal.

[0049] Hereafter, embodiments of the present inven-
tion will be explained in detail with reference to the draw-
ings.

[0050] First, a schematic exemplary structure of a sin-

gle crystal pulling apparatus based on the CZ method
used for the present invention will be explained with ref-
erence to Fig. 5. As shown in Fig. 5, this apparatus for
pulling a single crystal comprises members for melting
raw material silicon, mechanism for pulling crystallized
silicon and so forth, and they are accommodated in a
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main chamber 1. A pulling chamber 2 extending up-
wardly is continuously provided from a ceiling portion of
the main chamber 1, and a mechanism for pulling a sin-
gle crystal 3 (not shown) is provided above it.

[0051] In the main chamber 1, a quartz crucible 5 for
containing melted raw material melt 4 and a graphite
crucible 6 for accommodating the quartz crucible 5 are
provided, and these crucibles 5 and 6 are supported by
a driving mechanism (not shown) so that they can be
moved upwardly or downwardly. The driving mechanism
for the crucibles elevates them for the reduced height of
the melt surface so as to compensate the depression of
melt surface caused in connection with pulling of a sin-
gle crystal.

[0052] Further, a heater 7 for melting the raw material
is provided so as to surround the crucibles 5 and 6, and
a heat insulating member 8 for preventing the heat from
the heater 7 from directly radiating the main chamber 1
is provided outside the heater 7 so as to surround the
heater. An inert gas such as argon gas is introduced into
the main chamber 1 from a gas inlet 10 provided at an
upper part of the pulling chamber 2, passed through a .
space between the single crystal 3 under pulling and a
gas flow guide cylinder 11 and a space between a lower
portion of a heat shielding member 12 and the melt sur-
face, and then discharged from a gas outlet 9. The in-
ternal structure of the furnace described above is sub-
stantially the same as that of a conventional apparatus.
In order to grow a single crystal of the present invention,
the parameters of the growing conditions, L/F and F/G,
both must be made small as described above. The
growth rate F is used for the denominator of L/F and the
numerator of F/G. Therefore, it cannot be significantly
changed because the both parameters must be made
small. Thus, L must be made small and G must be made
large. To achieve this, rapid cooling in such a degree as
not used in conventional techniques must be used.
Therefore, the cooling cylinder 13 that can rapidly cool
the growing crystal is disposed in the main chamber 1
and the heat shielding member 12 is provided below it
as shown in Fig. 5, so that rapid cooling can be attained.
[0053] Into this cooling cylinder 13, a cooling medium
is introduced from a cooling medium inlet 14, circulated
in the cooling cylinder 13, and discharged outside. As
the cooling medium, water is preferably used in view of
cooling characteristics and economy. Further, the heat
shielding member 12 composed of a material having
high heat conductivity (graphite etc.) is used, and the
heat absorbed by this member is conducted to the cool-
ing cylinder 13 via an auxiliary cooling member 11
(graphite etc.) and discharged outside via the cooling
medium so as to rapidly cool the single crystal. Further-
more, a protective cover 15 for cooling cylinder is pro-
vided outside the cooling cylinder 13 to prevent the melt
scattered during the melting of the raw material from ad-
hering to the cooling cylinder 13 and shield the radiant
heat from the heater 7 and so forth.

[0054] Hereafter, the present invention will be ex-
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plained more specifically with reference to examples of
the present invention and comparative examples. How-
ever, the present invention is not limited to these.

(Example 1)

[0055] A single crystal ingot was grown by using the
single crystal pulling apparatus 20 shown in Fig. 5 men-
tioned above.

[0056] For HZ provided with a crucible having a diam-
eter of 24 inches, G was calculated to be 3.66 K/mm
and L to be 25.21mm. To this crucible, 150 kg of poly-
crystal silicon was introduced and melted. A P-type sin-
gle crystal having a diameter of 8 inches and a straight
body length of about 120 cm was grown from the melted
silicon at an average growth rate F for the straight body
of 1.10 mm/min. Therefore, L/F was calculated to be
22.92 min and F/G to be 0.300 mm?2/K+min, which sat-
isfied the growing conditions of the present invention. In
this case, in order not to take an influence of convection
into consideration, a horizontal magnetic field was ap-
plied so that an intensity at the magnetic field center
should be 4000 gausses.

[0057] The obtained single crystal showed a resistiv-
ity of about 10 Qcm and an oxygen concentration of.
about 15 ppma (JEIDA).

[0058] A mirror surface silicon wafer produced by slic-
ing the crystal was finished by SC1 cleaning, and then
number of particles having a size of 0.10 um or more
was counted by using a particle counter SP1. As a re-
sult, a size distribution shown in Fig. 7 was obtained,
and thus there was obtained a good wafer showing ex-
tremely smaller particle size and density compared with
the size distribution described in Comparative Example
1 mentioned later. The total number of particles having
a size of 0.10 um or more of this wafer was 238 for the
whole surface of the 8-inch wafer and the average den-
sity was 0.76/cm2. Thus, it was a wafer of good quality.

(Example 2)

[0059] A P-type single crystal having a diameter of 8
inches and a straight body length of about 120 cm was
grown from 150 kg of melted silicon by using HZ show-
ing the same conditions as used Example 1. In this case,
the average growth rate F for the straight body was 0.91
mm/min, which was slightly slower than that of Example
1. Therefore, L/F was calculated to be 27.70 min and F/
G to be 0.249 mm2/Kemin. This crystal also showed a
resistivity of about 10 Q cm and an oxygen concentra-
tion of about 15 ppma (JEIDA) as in Example 1. A hor-
izontal magnetic field was applied so that an intensity at
the magnetic field center should be 4000 gausses also
in this case.

[0060] A mirror surface silicon wafer produced by slic-
ing the above crystal was finished by SC1 cleaning, and
then number of particles having a size of 0.10 um or
more was counted by using a particle counter SP1. As
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aresult, a size distribution shown in Fig. 7 was obtained,
and thus there was obtained a wafer showing further
better particle size and density compared with the size
distribution described in Example 1. The number of par-
ticles having a size of 0.10 um or more of this wafer was
6 for the whole surface of the 8-inch wafer and the av-
erage density was 0.02/cm2. Thus, a wafer of extremely
good quality could be obtained.

(Example 3)

[0061] A P-type single crystal having a diameter of 8
inches and a straight body length of about 120 cm was
grown from 150 kg of melted silicon by using HZ show-
ing the same conditions as used in Example 1 at the
same average growth rate F for the straight body as Ex-
ample 1, 1.10 mm/min. In this case, nitrogen was added
so that the nitrogen concentration at a position at which
a wafer was to be sliced should be 3 x 1012 number/cms3.
This crystal also showed a resistivity of about 10 Q cm
and an oxygen concentration of about 15 ppma (JEIDA)
as in Example 1. A horizontal magnetic field was applied
so that an intensity at the magnetic field center should
be 4000 gausses also in this case.

[0062] Even when a mirror surface silicon wafer pro-
duced by slicing the above crystal was subjected to an
oxidation treatment at 1150°C for 100 minutes in a wet
O, atmosphere and then preferential etching for 8 um
with a mixed acid solution (hydrofluoric acid:nitric acid:
acetic acid:water = 1:15:3:5) having selectivity, OSFs
were not observed on its surface. Further, number of
particles having a size of 0.10 um or more was counted
by using a particle counter SP1. As a result, the number
of particles having a size of 0.10 um or more was 192
for the whole surface of the 8-inch wafer and the aver-
age density was 0.61/cm2. Thus, the defect density
could be further reduced compared with Example 1.

(Example 4)

[0063] A P-type single crystal having a diameter of 8
inches and a straight body length of about 120 cm was
grown from 150 kg of melted silicon by using HZ show-
ing the same conditions as used in Example 1 but with-
out applying a magnetic field. In this case, the average
growth rate F for the straight body was 1.02 mm/min.
Therefore, L/F was calculated to be 24.72 min and F/G
to be 0.279 mm2/K+min. This crystal showed a resistivity
of about 10 Qcm and an oxygen concentration of about
16 ppma (JEIDA).

[0064] A mirror surface silicon wafer produced by slic-
ing the above crystal was finished by SC1 cleaning, and
then number of particles having a size of 0.10 um or
more was counted by using a particle counter SP1. As
a result, the number of particles having a size of 0.10
um or more was 228 for the whole surface of the 8-inch
wafer and the average density was 0.73/cm2. Thus, a
wafer of good quality could be obtained.
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(Comparative Example 1)

[0065] A usual HZ such as one shown in Fig. 6 was
prepared, in which a cooling cylinder was not used. For
this HZ provided with a crucible having a diameter of 24
inches, G was calculated to be 3.04 K/mm and L to be
41.09 mm. To this crucible, 150 kg of polycrystal silicon
was introduced and melted. A P-type single crystal hav-
ing a diameter of 8 inches and a straight body length of
about 120 cm was grown from the melted silicon at an
average growth rate F for the straight body of 0.98 mm/
min. Therefore, L/F was calculated to be 41.93 min and
F/G to be 0.323 mm2/K+min, which were out of the scope
of the presentinvention. This crystal showed a resistivity
of about 10 Qcm and an oxygen concentration of about
15 ppma (JEIDA). A horizontal magnetic field was ap-
plied so that an intensity at the magnetic field center
should be 4000 gausses also in this case for compari-
son.

[0066] A mirror surface silicon wafer produced by slic-
ing the crystal was finished by SC1 cleaning, and then
number of particles having a size of 0.10 um or more
was counted by using a particle counter SP1. As a re-
sult, a size distribution shown in Fig. 7 was obtained,
and it can be seen that both of particle size and density
were larger than those observed in the size distributions
of Examples 1 and 2. The number of particles having a
size of 0.10 um or more of this wafer was 1181 for the
whole surface of the 8-inch wafer and the average den-
sity was 3.76/cm2. Thus, it was a wafer having more de-
fects compared with that of the present invention.

(Comparative Example 2)

[0067] A P-type single crystal having a diameter of 8
inches and a straight body length of about 120 cm was
grown from 150 kg of melted silicon by using HZ show-
ing the same conditions as used in Example 1. In this
case, the average growth rate F for the straight body
was 1.75 mm/min, which was significantly faster than
that of Example 1. Therefore, L/F was calculated to be
14.14 min and F/G to be 0.478 mm?2/Kemin, which were
out of the scope of the present invention. This crystal
also showed a resistivity of about 10 Qcm as in Example
1 and an oxygen concentration of about 14 ppma (JEI-
DA). A horizontal magnetic field was applied so that an
intensity at the magnetic field center should be 4000
gausses also in this case.

[0068] A mirror surface silicon wafer produced by slic-
ing the crystal was finished by SC1 cleaning, and then
number of particles having a size of 0.10 um or more
than was counted by using a particle counter SP1. As a
result, a size distribution shown in Fig. 7 was obtained,
and it can be seen that, while the COP size became
smaller compared with Comparative Example 1, the
particle density became larger than that observed in Ex-
ample 1. The number of particles having a size of 0.10
um or more was 1039 for the whole surface of the 8-inch
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wafer and the average density was 3.31/cm2. Thus, it
was a wafer having more defects compared with that of
the present invention.

[0069] The present invention is not limited to the em-
bodiments described above. The above-described em-
bodiments are mere examples, and those having the
substantially same configuration as that described in the
appended claims and providing similar functions and
advantages are included in the scope of the present in-
vention.

[0070] For example, in the embodiments of the
present invention, silicon single crystal ingots having a
diameter of 200 mm (8 inches) were grown. However,
the present invention also meets to recent large diame-
ter wafers having a diameter of 250 mm (10 inches) to
400 mm (16 inches) or more.

[0071] Further, in the examples of the present inven-
tion, the MCZ method (Magnetic field applied Czochral-
ski crystal growth method) was mainly explained, in
which a magnetic field is applied during pulling of a sil-
icon single crystal. However, the present invention is not
limited to this, and it can of course be used for the usual
Czochralski method, and the term of "Czochralski meth-
od" used in this specification includes both of the usual
Czochralski method and the MCZ method.

Claims

1. A silicon wafer sliced from a silicon si.ngle crystal
ingot grown by the Czochralski method under such
conditions that V-rich region should become domi-
nant, wherein a count number of particles having a
size of 0.1 um or more is 1 count/cm? or less when
particles are counted by using a particle counter.

2. The silicon wafer according to Claim 1, wherein the
count number of particles having a size of 0.1 um
or more is 0.1 count/cm?2 or less.

3. A method for producing a silicon single crystal,
wherein, when a silicon single crystal is grown by
the Czochralski method, the crystal is grown with a
time L/F (min) of 0.28/(F/G - 0.225)2 min or less for
passing a temperature region of from 1150°C to
1080°C and F/G of 0.22 mm2/Kemin or more, which
are calculated from a temperature gradient G (K/
mm) at a crystal center along a crystal pulling axis
direction from the melting point of silicon to 1400°C,
a length L (mm) of the temperature region of from
1150°C to 1080°C and a crystal growth rate F (mm/
min).

4. The method for producing a silicon single crystal ac-
cording to Claim 3, wherein the crystal is grown with
a time L/F of 40 min or less for passing the temper-
ature region of from 1150°C to 1080°C.
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The method for producing a silicon single crystal ac-
cording to Claim 3 or 4, wherein the crystal is grown
with F/G of 0.27 mm2/Ksmin or less.

The method for producing a silicon single crystal ac-
cording to any one of Claims 3-5, wherein the crys-
tal is doped with nitrogen.

The method for producing a silicon single crystal ac-
cording to Claim 6, wherein nitrogen concentration
to be doped is 1 x 101% number/cm3 or less.

A silicon single crystal grown by the production
method according to any one of Claims 3-7.

A silicon wafer produced by slicing the silicon single
crystal according to Claim 8.
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